OBJECTIVES: We recently reported that skeletal muscle sympathetic nerve activity (MSNA) is related to total body and abdominal fatness in a pooled population of young and older males. Both MSNA and adiposity increase with age. Thus, it is not clear if the relation between MSNA and adiposity exists among older adults and if the age-related increase in MSNA is explained by increases in adiposity. We therefore tested the hypotheses that: 1) among older men, those with higher total body fatness and abdominal adiposity have higher MSNA and 2) MSNA is not different in healthy young and older men with similar total body and/or abdominal fatness. DESIGN: Older healthy men (63 AE 1 y) were separated into higher and lower groups of body fat (26.9 AE 0.8%, n 9 vs 21.3 AE 1.1, n 10; P`0.0001) and waist circumference (96.4 AE 3.5 cm, n 8 vs 86.2 AE 1.5, n 8; P`0.01). Younger controls (26 AE 1 y) were then matched with those in the older-lower groups for %body fat (21 AE 1.1%, n 10) or waist circumference (86.2 AE 0.8 cm, n 10). MEASUREMENTS: Total body fat was determined by hydrodensitometry, abdominal adiposity by waist circumference and resting MSNA by microneurography. RESULTS: Among the older subjects those in the higher %body fat and waist circumference groups had higher (P`0.02) MSNA (47 AE 3 and 48 AE 4 bursts/min, respectively) than those in the lower groups (37 AE 2 and 38 AE 3 bursts/ min). MSNA was directly related to %body fat (r 0.52, P 0.03) and waist circumference (r 0.64, P 0.007) in the older groups. MSNA was greater (P`0.001) in the older-lower groups than in the young controls matched for %body fat (23 AE 2 bursts/min) or waist circumference (24 AE 3 bursts/min). CONCLUSIONS: 1) among healthy older men, higher levels of total body and/or abdominal adiposity are associated with higher levels of MSNA and 2) the age-related elevation in MSNA is reduced but not abolished when differences in adiposity are eliminated.
Introduction
The sympathetic nervous system is an important regulator of cardiovascular and metabolic function. Direct microneurographic recordings indicate that there is marked individual variability in resting levels of skeletal muscle sympathetic nerve activity (MSNA). Body composition and age are two factors known to in¯uence resting MSNA.
Regarding body composition, resting MSNA is positively related to total body fatness in young Caucasian men 1±3 and to abdominal fatness (waist circumference) in young men and women. 1 Also, we recently reported 4 that MSNA is related to total body and abdominal adiposity in a pooled population of young and older men. Concerning age, it is well established that MSNA increases with advancing age in healthy adults. 5, 6 However, total body and abdominal fatness also increase with age. 7, 8 Thus, it is not clear if the age-related increase in MSNA is due to an increase in adiposity. Likewise, it is not clear if the relationships between MSNA and adiposity exist within a population of older individuals.
Therefore, the aim of the present study was to test the hypotheses that: 1) among older men, those with higher total body fatness and abdominal adiposity have higher MSNA and 2) MSNA is not different in healthy young and older men with similar total body and/or abdominal fatness. To accomplish these aims, we retrospectively examined resting levels of MSNA in older men separated into lower and higher total and abdominal body fat subgroups. We then matched the older subjects in the lower adiposity groups to young men in order to determine whether elimination of the age-related differences in total body and abdominal adiposity abolishes differences in resting MSNA.
Methods

Subjects
Thirty-six healthy men were studied: 16 young (26 AE 1 y) and 20 older (63 AE 2 y). All were normotensive (systolic/diastolic blood pressure`140/90 mmHg), free of known cardiovascular and metabolic disease, and otherwise healthy as assessed by medical history. Older subjects were further evaluated for clinical evidence of cardiovascular disease with a physical examination and resting and maximal exercise electrocardiograms. No subjects were on medication and all were non-smokers. Subjects ranged from sedentary to recreationally physically active. The experimental protocol was approved by the Human Subjects Committee at the University of Colorado at Boulder and informed consent was obtained from all subjects.
Study design
Subjects were retrospectively separated into groups based on total body fat or abdominal adiposity. For grouping by total body fat, older subjects were divided into two groups: lower %body fat (older-LF, n 10) and higher %body fat (older-HF, n 9). Ten young subjects were then matched with the older-LF group. The same procedure was used to group by abdominal adiposity (waist circumference), resulting in three groups: older-lower waist circumference (older-LW, n 8), older-higher waist circumference (older-HW, n 8), and young waist circumference-matched (n 10).
Measurements
Multiunit recordings of MSNA were obtained from the right peroneal nerve at the ®bular head using the microneurographic method as described previously. 1, 5, 9 The neural activity was ampli®ed, ®ltered (bandwidth 700±2000 Hz), full-wave recti®ed, and integrated (time constant 100 ms) to obtain a mean voltage neurogram, determined to be acceptable, using criteria previously described. 5 All measurements were made at approximately the same time of day (11.00 h) after at least a 4 h fast. Subjects were studied in the supine position. After stable baseline activity was established over a 15 min period, resting levels of MSNA were obtained over a subsequent 10 min period. 5 Total body mass was measured to the nearest 0.1 kg on a physician's balance scale. Total body density was determined by hydrodensitometry with residual volume measured by a nitrogen dilution technique as described previously. 10 Body fat percentage was calculated using the equation of Brozek et al. 11 Minimal waist circumference, measured in the standing position, was obtained as an estimate of abdominal adiposity. 12 
MSNA quanti®cation
Bursts of MSNA were identi®ed by visual inspection. For consistency, the same investigator scored all of the neurograms. The reliability of the scoring method has been previously established. 1 Because the amplitude of the bursts is partially dependent on positioning of the microelectrode (which varies between subjects) and on the chosen ampli®cation, quanti®cation of resting MSNA was limited to burst frequency (bursts/min). 1, 5 Individual levels of resting MSNA were calculated as the mean of values taken from the ®nal 10 min of the stable baseline period.
Statistical analyses
Three-way analyses of variance were performed to determine group differences in selected subject characteristics. T-tests for MSNA and body composition were performed between the a priori determined comparison groups of interest (namely, older-lower vs older-higher, young-matched vs older-lower). In order to determine whether relationships exist between MSNA and total or abdominal adiposity among the older subjects, Pearson product moment correlations were performed. Next, stepwise forward multiple regression analysis was done to identify the independent contributions of total body and abdominal adiposity to variance in MSNA. P`0.05 was accepted as statistically signi®cant. Values are expressed as mean AE s.e.m.
Results
Group comparisons based on total body fat Table 1 presents subject characteristics for the total body fat groups. The older groups were similar in age and older by approx 40 y than the young %body fatmatched group (P`0.001). Body mass was lower (P`0.05) in the older-LF vs the older-HF group. Height, systolic and diastolic blood pressure, and resting heart rate did not differ signi®cantly among groups. Figure 1 depicts mean resting MSNA and total body fat in the three groups. By design, total body fat was higher in the older-HF compared to older-LF group (26.9 AE 0.8 vs 21.3 AE 1.1%, P`0.001). MSNA was also higher in the older-HF vs the older-LF (47 AE 3 vs 37 AE 2 bursts/min, P`0.02). In spite of nearly identical total body fat in young %body fatmatched (21.1 AE 1.1%) and older-LF, MSNA was higher in the older-LF compared to the youngmatched group (23 AE 2 bursts/min, P`0.001).
Group comparisons based on abdominal adiposity Table 2 presents the subject characteristics for the abdominal adiposity groups. The older groups were similar in age and approx 40 y older than youngmatched (P`0.001). Body mass was lower in the older-LW than in either the older-HW or young-waist circumference-matched groups. Height, systolic and diastolic blood pressure, and resting heart rate did not differ among groups. Figure 2 shows mean resting MSNA and waist circumference. Waist circumference was higher in the older-HW compared to the older-LW group (96.4 AE 2.9 vs 86.3 AE 1.5 cm, P`0.01). MSNA was also higher in the older-HW vs the older-LW (48 AE 4 vs 38 AE 3 bursts/min, P`0.05). Waist circumference was similar in the young-matched (86.2 AE 0.8) and older-LW groups. Nevertheless, MSNA was higher in the older-LW group compared to the young-matched group (24 AE 3 bursts/min, P`0.01).
Relationships between MSNA and adiposity
Univariate Pearson product-moment correlations among the older subjects revealed that MSNA and fat mass were signi®cantly correlated (r 0.52, P 0.03, n 19), as were MSNA and waist circumference (r 0.64, P 0.007, n 16). Upon stepwise forward multiple regression analysis, waist circumference was the primary independently-related variable (r 2 0.42), while fat mass did not enter the regression equation.
Discussion
The primary ®ndings of the present study are: 1) among healthy older men, higher levels of total body and/or abdominal adiposity are associated with higher levels of MSNA; and 2) the age-related elevation in MSNA is reduced but not abolished when differences in adiposity are eliminated.
MSNA and adiposity in older men
These results extend the ®ndings of a recent study 4 in which we demonstrated signi®cant positive relations between MSNA and both total fat mass and waist circumference in a pooled population of young and older healthy men. However, because resting MSNA increases approximately two-fold from early to late adulthood, 5 we were uncertain if the physiological association between MSNA and adiposity would be observed among healthy older men. The present ®nd-ings indicate that the apparent biological link between MSNA and adiposity is maintained with age. Older-LF older-lower %body fat group, Older-HF older-higher %body fat group. Values are means AE s.e.m. Group differences were determined by ANOVA with Newman Keuls post hoc analyses. *P`0.001 vs young, **P`0.05 vs older-LF.
Contribution of adiposity to age-related elevations in MSNA
In our previous study, 4 we found that fat mass and waist circumference were strongly correlated with MSNA in men varying in age (r 0.75 and r 0.77, respectively). Furthermore, stepwise multiple regression analysis indicated that waist circumference was the best independent predictor of tonic MSNA, explaining 60% of the variance. We interpreted this to indicate that abdominal adiposity was an important factor associated with the age-related increase in MSNA. The magnitude of the difference in MSNA between young and older subjects was reduced after covarying for waist circumference. Based on these observations, we reasoned that matching young and older subjects for adiposity could extend our understanding of the role of adiposity in the age-related rise in MSNA.
In the present study, the difference in MSNA between young subjects and those in the olderhigher %body fat and waist circumference groups was 24 bursts/min (approx 100%), whereas the difference between the young subjects and the olderlower adiposity groups was much less (14 bursts/min, approx 60%). Thus, the present results support both of our previous ®ndings that: 1) correcting for differences in adiposity decreased the age-related difference in MSNA; and 2) there is still an unexplained difference in MSNA between young and older humans.
Clinical signi®cance
These ®ndings may have both physiological and pathophysiological signi®cance for older adults. First, the primary physiological importance of the elevation in resting MSNA with increasing adiposity, may be that sympathetic activity to skeletal muscle stimulates muscle metabolism, which has been reported to have an important effect on resting energy expenditure. 13±15 This increase in thermogenesis would theoretically serve as a compensatory mechanism to prevent further increases in adiposity. 16 The present results imply that this hypothesized counter-regulatory response is maintained with age and, therefore, may act to attenuate age-related increases in adiposity. That an increase in sympathetic nervous system activity can stimulate thermogenesis in older individuals has been shown previously. 17 The net contribution of resting MSNA to total daily energy expenditure in older adults is however, unknown.
Second, this increase in sympathetic activity may play an important role in supporting other physiological functions with age. For example, increased Older-LW older-lower waist circumference group, Older-HW older-higher waist circumference group. Values are means AE s.e.m. Group differences were determined by ANOVA with Newman Keuls post hoc analyses. *P`0.001 vs young-matched, **P 0.05 vs young-matched, ***P`0.01 vs older-lower. MSNA may contribute to the maintenance of tissue and organ function by counteracting the well-documented age-related reduction in adrenergic responsiveness.
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Finally, the adiposity-related increase in MSNA with age, may have pathophysiological implications. For example, the increase in MSNA even in relatively lean older humans may be associated with essential hypertension 21, 22 which is known to increase in prevalence with advancing age. 23 Furthermore, increases in vasoconstrictor MSNA may modulate postprandial increases in skeletal muscle blood¯ow and therefore in¯uence peripheral glucose uptake, potentially contributing to the glucose intolerance and insulin resistance 24 observed in some older adults. 25 The observation that abdominal adiposity was more strongly related to MSNA than was total adiposity is consistent with reports that central body fat is a key factor in the metabolic disturbances that may involve elevations in sympathetic activity. 26 
Conclusions
In conclusion, the present ®ndings indicate that the biological coupling between MSNA and elevations in total body and/or abdominal adiposity is maintained with age in healthy males. The ®nding of elevated MSNA in older males matched by adiposity to young males, indicates that, although differences are reduced, a signi®cant portion of the age-related increase in MSNA occurs independently of changes in body fatness.
